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ABSTRACT 

Techniques for characterizing coal and coal derived structures using 
scanning tunneling microscopy are being developed. 
surface structures of coal to be viewed with a fraction of an angstrom 
resolution. Images of inertinite structures have been obtained. A 
monolayer of THF extract from an Illinois #6 coal was deposited on HOPG and 
images obtained. 
lack of knowledge about the tunneling efficiencies of various functional 
groups. Model compounds are being deposited onto well oriented surfaces 
and images at different bias and gain settings are being obtain to 
determine if spectral analysis can spot oxygen, sulfur, and nitrogen atoms 
in their various chemical forms thought to be present in coal. Analysis of 
pits formed from the gasification of HOPG have shown that oxygen complexes 
can be identified, pitting mechanisms can be followed and initial direction 
of gasification can be deduced. 
complexes can form between carbon atoms of two different planes. 

These techniques allow 

One of the difficulties in interpreting the images is 

There is some evidence that oxygen 

INTRODUCTION 

The scanning tunneling microscope(STM) was invented in 1982 by Binning and 
Rohrer(l), who were awarded the Nobel Prize in physics for their work. The 
STM operates on the principle that a tunneling current can be established 
between an anatomically sharp tip and the surface electronic orbitals near 
the Fermi level of a sample(2). An image is obtained by scanning the tip 
across a samples surface with the use o f  a set of three piezo electric 
crystals(3). A voltage is applied to the crystal controlling the z- 
direction (the distance between the tip and the sample surface). The tip is 
then lowered until the tip crashes into the surface(non-conducting 
material) or a tunneling current is established(c0nducting material). Once 
the current is established, work functions can be measured over a certain 
spot or XYz images can be obtained. The images are obtained by one o f  two 
operating modes. In the constant current mode varying voltages are applied 
to the X and y crystals which drives the tip first across the surface in 
the x-direction and then increments the y-spacing and drives the tip in the 
reverse x-direction. A feedback loop measures current and adjusts the 
Voltage on the z-direction crystal. This raises and lowers the tip. Since 
current iS highly dependent on distance from the surface, the variation in 
z-distance allows a constant current to be maintained. A computer keeps 
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t r ack  o f  the z v a r i a t i o n s  i n  a xy matr ix  which i s  transformed by us ing 
Four ier  analys is  i n t o  a three dimensional image. A second mode o f  
operations employs a constant z -se t t i ng  and as t h e  t i p  moves v a r i a t i o n s  i n  
current  are recorded. The current  xy ma t r i x  i s  then converted t o  an 

The actual image obtained i s  a charge densi ty  map o f  the eigen s ta tes  
l oca l i zed  above a surface(4). This means t h a t  t he  images should be viewed 
i n  terms of e l e c t r o n i c  interactions(5,6). I n t e r p r e t a t i o n  o f  the images i s  
therefore dependent on complex theor ies.  Although t h i s  should be kept i n  
mind, the images can be viewed as simple atomic geometries (5,6). For we l l  
ordered systems inc lud ing  s i 1  icon, gold, p la t inum and h i g h l y  ordered graph- 
ite(7,8,9, and 10) the  atomic spacings and o r b i t a l  shapes agree w i t h  X-ray, 
and TEM data, and HMO theory. 

STM i s  dependent on the conduc t i v i t y  o f  the sample being image. However i f  
a sample i s  non-conducting then atomic force microscopy (AFM) can be used 
(11-15). AFM i s  a c l o s e l y  re la ted  of fshoot  o f  STM. I t  drags a diamond t i p  
across the sample surface and measures the repuls ion o f  the t i p  from the 
samples surface. t he  t i p  i s  set on a can t i l eve r  and a l a s e r  beam i s  used t o  
measure the d e f l e c t i o n  o f  the can t i l eve r .  This technique i s  no t  as h i g h l y  
developed as STM imaging b u t  has been used t o  i nves t i ga te  s t ruc tu res  o f  
polymers and ceramics. 

Depending on scan s i ze  o f  the STM image; reso lu t i on  as low as 0.01 
nanometers f o r  l a t e r a l  and 0.001 nm f o r  v e r t i c a l  measurements can be 
obtained. Scan s ized can be var ied from 14x14 microns t o  2x2 nanometers. 
The depth o f  reso lu t i on  i s  much greater  than f o r  SEM and TEM. I n  add i t i on  
l i t t l e  o r  no sample preparat ion i s  requi red and the instrument can be 
operated under ambient environments w i t h  l i t t l e  sample preparation. Thus, 
surfaces can be examined i n  f a r  greater d e t a i l  than p rev ious l y  and w i t h  
much less  degradation o f  the sample. These c a p a b i l i t i e s  make STM an idea l  
candidate f o r  app l i ca t i on  t o  i n  s i t u  coal s t ruc tu re  determinations and the  
study o f  coal react ions i n  various conversion technologies. 

The purpose o f  t h i s  paper i s  t o  describe some p re l im ina ry  work on apply ing 
STM t o  coal analys is  and u t i l i z a t i o n  technology. To the authors knowledge 
t h i s  i s  t he  f i r s t  work t o  obta in  actual images o f  coal and coal der ived 
mater ia ls .  The paper a lso discusses methods used t o  f o l l o w  g a s i f i c a t i o n  o f  
h i g h l y  o r i en ted  p y r o l y t i c  graphite(H0PG). 

EXPERIMENTAL 

A l l  STM nanographs were obtained using a nanoscope I1 scanning tunnel ing 
microscope manufactured by D i g i t a l  Instruments o f  Santa Barbara Ca. 
De ta i l s  o f  the operat ing procedures can be found i n  reference (16). The 
HOPG was obtained from Union Carbide. An I l l i n o i s  #6, IBCSP 101, coal was 
used t o  ob ta in  ex t rac t  and Maceral concentrates. Maceral concentrates were 
ob ta in  employing a densi ty  gradient  cent r i fugat ion procedures described 
elsewhere(l7, lE). THF ex t rac t i on  was c a r r i e d  out  i n  a soxhlet  ex t rac to r  f o r  
48 hours. About 20 grams o f  coal are ext racted w i t h  150 mls o f  THF. The 
average y i e l d  i s  16% solubles based on weight o f  d r y  s o l i d s  recovered a f t e r  
ex t rac t i on .  

image. 
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STM ANALYSIS OF COAL 

The f i r s t  attempt t o  image coal  was made by po l i sh ing  a block of coal, 
pa in t i ng  the  back of the  b lock  w i t h  a conducting pa in t ,  and mounting the  
block on the STM base. Blocks where mounted w i t h  the  t i p  perpendicular and 
p a r a l l e l  t o  t h e  bedding plane. The instruments al lows var ious gains and 
bias t o  be se t  along w i t h  scan r a t e  and size. The t i p  crashed i n t o  the  
surface whenever engagement was attempted. 

During engagement the  t i p  i s  lowered manually t o  w i t h i n  250 microns o f  t h e  
surface using a set  of p o s i t i o n  b o l t s  which are turned t o  r a i s e  o r  lower 
th ree  b a l l  bearings on which the  STM scan head sets. The software package 
i s  then ac t iva ted  and au tomat ica l l y  lowers the  t i p  t o  the  surface. As the  
t i p  approaches the  surface i t  w i l l  begin t o  tunnel i f  the  sample i s  
conducting bu t  the program w i l l  cont inue t o  lower the  t i p  i n t o  the  sample 
if a tunnel ing cur ren t  i s  no t  establ ished. Since the  t i p  must be 
a tomica l l y  sharp, lowering the  t i p  t o  f a r  w i l l  b l u n t  the  t i p  and good 
images w i l l  no t  be ob ta in  w i t h  t h a t  t i p .  Since t i p s  are expensive, t h i s  
approach was abandoned a f t e r  20 attempts. 

Next, p a r t i c l e s  o f  whole coal  were sca t te red  on the  STM base. 
The coal  was ground i n  an f l u i d  energy m i l l  p r i o r  t o  mounting. The smal ler  
p a r t i c l e s  o f  coal  were expected t o  be more conductive. A scan o f  t he  base 
was made t o  determine i t s  s t ruc tu re  before at tempt ing t o  analyze the  coal  
pa r t i c l es .  Dur ing engagement the  t i p  would e i t h e r  push p a r t i c l e s  aside and 
engage the base, o r  p i n  a p a r t i c l e  and bend the  t i p .  

Steel  s l i des  were then prepared, painted w i th  conducting pa in t  and coal  
dus t  was sprayed over the  wet surface. This method produced a sample which 
could be imaged. Blank pa in ted  s l i des  were a lso  imaged. Although there  are 
some d i f fe rences  between the  b lank  s l i d e s  and the  images obtained with 
whole coal pa r t i c l es ,  i t  i s  d i f f i c u l t  t o  descr ibe these.(s l ides w i l l  be 
shown a t  the presentat ion).  The percentage o f  successful engagements range 
between 50 and 70%. To ob ta in  a c lea re r  understanding o f  what was imaged, 
the  process was repeated on spor in i te ,  c u t i n i t e ,  v i t r i n i t e ,  i n e r t i n i t e ,  and 
mineral  concentrates. The l i p t i n i t e s  and mineral  f rac t i ons  could no t  be 
engaged. The V i t r i n i t e  concentrates had a 40% engagement r a t e  and the  
i n e r t i n i t e  had a 90% engagement ra te .  Th is  fo l lows the  general order o f  
conduc t i v i t y  o f  the  macerals. Since most o f  the mineral  i n  t h i s  coal  was 
c lay  t h i s  f rac t ion  was a lso  expected t o  be nonconductive. 

Because o f  the  problem w i t h  imaging the  pa in ted  surfaces as we l l  as coal  
p a r t i c l e s ,  another approach was attempted. Coal macerals were phys i ca l l y  
pressed i n t o  a wafer w i t h  the  a i d  o f  a hyd rau l i c  press. The back o f  t he  
wafer was painted and the  sample was mounted. Engagement was obtained f o r  
t he  i n e r t i n i t e  wafer only.  The images obtained w i th  the  i n e r t i n i t e  wafer 
were i d e n t i c a l  t o  those obtained from the pa in ted  s l i d e  method. Not much 
can be sa id  about the  chemical s t ruc tu res  imaged a t  t h i s  po in t .  Thls i s  
because the re  i s  l i t t l e  known about tunne l ing  o f  organic s t ruc tu res .  A good 
deal of model compound work w i l l  need t o  be c a r r i e d  out.  It can be sa id  
t h a t  t h e  imaged o r b i t a l s  vary a great deal bu t  the  s ign i f i cance  o f  these 
va r ia t i ons  can not be estimated a t  t h i s  time. More can be sa id  about the  
s i ze  and shape o f  t he  pore openings. When scanned on the  nanometer range; 
pore diameter ranges between 5 t o  20 angstroms. About h a l f  o f  t he  pores 
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have c i r c u l a r  openings and h a l f  s l i t  shape openings. Area o f  the s l i t  
shaped openings were greater  than those o f  the c i r c u l a r  openings. 

SOLVENT DEPOSITION 

Those carbon mater ia ls  which are unsui tab le f o r  STM studies due t o  t h e i r  
poor conduct iv i ty ,  poros i ty ,  and surface heterogeneity may be imaged, i n  
some cases. by deposi t ing a d isso lved p o r t i o n  (from so lu t i on )  onto HOPG i n  
very small amounts. The te t rahydrofuran (THF) so lub le p o r t i o n  o f  Herrin,IL 
No.6 coal, as we l l  as mater ia ls  such as n-dotr iacontane (n-C ), which 
r e a d i l y  d i sso l ve  i n  heptane, were analyzed. These solvents (f8F and 
heptane) do not  a l t e r  the HOPG surface. Blank experiments were ca r r i ed  out  
by p i p e t i n g  drops o f  solvent on newly cleaved HOPG surfaces. A f t e r  the 
so lvent  evaporates the hexagonal basal plane image o f  the HOPG i s  observed. 
This i s  somewhat unexpected because even the purest so lvent  conta in  some 
res idual  mater ia l .  A qu ick ca l cu la t i on  shows t h a t  t he  concentrat ion i s  h igh  
enough t o  more than cover the HOPG surface. However, t h e i r  usage d i d  no t  
e f f e c t  STM images. Upon evaporation solvent/solute mixtures l e f t  behind 
deposited mater ia l  t h a t  could be imaged. 

The THF e x t r a c t  was d i l u t e d  from i t s  o r i g i n a l  concentrat ion o f  about 0.02 
gram/ml by an approximate r a t i o  o f  1O:l. A p o r t i o n  o f  t h i s  so lu t i on  was 
f u r t h e r  d i l u t e d  t o  approximately 100,OOO:l i n  increments o f  lO:l, u n t i l  STM 
images showed on ly  a t h i n  l a y e r  deposited onto the HOPG. Deposit ion was 
ca r r i ed  ou t  using a p i p e t t e  t o  place a drop o f  the d i l u t e d  so lu t i on  onto 
the HOPG. The THF was allowed t o  evaporate, l eav ing  behind a t h i n  l a y e r  o f  
coal ex t rac t .  The specimen could then be placed d i r e c t l y  onto the sample 
stage f o r  STM imaging. This  technique i s  su i tab le  f o r  molecules w i t h  l a r g e  
atomic weights which adsorb s t rong ly  t o  the  g raph i te  surface. 

Although areas could be imaged where more than a s ing le  monolayer are 
present these images where chaot ic  and ind i v idua l  s t ructures were n o t  
e a s i l y  recognized. A monolayer o f  the deposited mater ia l  (o r  scat tered 
areas o f  monolayer) gave very c l e a r  images. Various aromatic compounds are 
evident, as wel l  as side-chains branching o f f  from these r i ngs .  The 
images are e a s i l y  d i f f e r e n t i a t e d  from the def ined HOPG basal plane surface. 
HOPG i s  an ideal  subst rate f o r  organic molecules which a l i g n  w i t h  the  basal 
plane and adsorb f a i r l y  s t rongly ,  depending on the  s ize and p l a n a r i t y  o f  
the molecule. 

The n-dotriacontane/heptane so lu t i on  was created by d i sso l v ing  n- 
dot r icontane i n  heptane. This so lu t i on  was deposited onto the HOPG w i t h  a 
micropipet te .  The sample was then placed d i r e c t l y  onto the sample stage 
f o r  STM imaging. 

The n-C25 on the surface o f  the HOPG gave spacings o f  0.30 nm, instead o f  
0.25 nm, between hexagon centers o f  the HOPG. An e l l i p t i c a l  shape o f  many 
o f  the atoms was due t o  the hydrogen atoms attached t o  the carbon atoms, 
and the  carbon atoms themselves are imaged as one. A somewhat repeat ing 
pa t te rn  on the surface was observed and bel ieved t o  be due t o  the f a c t  t h a t  
the n-C 5 molecules a l i g n  themselves along the carbon atoms o f  the top 
basal pfane layer .  Other compounds such as s tero ids,  acids, a lcohols  have 
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been imaged by others using a s i m i l a r  technique(l9). Other model compounds 
such as dibenzothiophene,, t h i o l s ,  carbazol and others scheduled f o r  
analys is  i n  the  near fu ture.  

GASIFICATION OF HOPG 

I n  t h i s  p o r t i o n  o f  t he  program HOPG was exposed t o  a i r  ox ida t i on  a t  65OoC 
i n  a TGA system u n t i l  5 and 30% burno f f  was reached. A f t e r  var ious exposure 
times the size, shape, and d i s t r i b u t i o n  o f  p i t s  and the l i n e a r  dimension 
o f  t he  g raph i te  were determined. The STM was used t o  image the  p i t s ,  
determine t h e  d i r e c t i o n  o f  oxygen a t tack  and t o  determine the amount and 
type o f  oxygen complexes on the surfaces o f  the graphi te .  I n  the i n i t i a l  
stage o f  p i t  formation a t  5% burnof f ,  the p i t s  seem t o  a l i g n  i n  a p a r a l l e l  
o r i en ta t i on .  Also some p i t s  extend 3-5 l aye rs  deep wi thout  enlarging. The 
f a m i l i a r  l a r g e  hexagonal p i t s  are formed by the 30% weight l oss  l eve l .  A 
zoom i n t o  t h e  base o f  the p i t s  formed a t  30% weight l oss  showed t h a t  
although the  l a rge  scale hexagonal morphology i s  observed; 
p r i s t i n e  planes i s  l i n e a r .  Long p a r a l l e l  h igh  po in ts  were observed a t  the 
end o f  narrow elongated p i t s .  These high po in ts  o r  streaks were o r i g i n a l l y  
thought t o  be carbon atoms but  cross-sect ional  analys is  showed them t o  have 
bond lengths i n d i c a t i v e  o f  adsorbed oxygen molecules. The leng th  o f  t he  
streaks are mu l t i p les  o f  4.2 angstroms which i nd i ca te  at tack p a r a l l e l  t o  
the 101 face. We are not sure i f  t h i s  i s  i n d i c a t i v e  o f  c a t a l y t i c  a t tack  o r  
i f  the h i g h l y  o r i en ted  graphi te  contains a l a r g e  amount o f  elongated 
c r y s t a l i t e s .  It i s  poss ib le  t o  measure bond leng th  and depth o f  penetrat ion 
using the cross sect ional  analys is  rout ines which were provided w i t h  the 
STM. By measuring heights  from the base o f  p i t s  i t  i s  poss ib le  t o  ob ta in  an 
idea of t he  composition o f  the atoms i n  the p i t .  For example, i f  the 
v e r t i c a l  d is tance i s  3.35 angstroms then the p i t  i s  one l a y e r  deep assuming 
t h a t  the atoms a t  the p i t  base are carbon. l i kew ise  an atom appearing 6.7 
angstroms above the p i t  f l o o r  would be a carbon atom 2 l aye rs  above the  
f l o o r  of t he  p i t .  It i s  i n t e r e s t i n g  t o  note t h a t  3.53 and 3.22 angstroms 
are encountered i n  measurements more o f ten  than 3.35(the i dea l  basal plane 
spacing) These measurements are probably the r e s u l t s  o f  edge carbon atoms 
waging up o r  down around the p i t  edge. This i s  reasonable. I n  fac t ,  edge 
s i t e s  on a graphi te  model behave the same way. Also values between these 
measurements are no t  encountered very often. Thus, any m u l t i p l e  o f  O f  3.35 
p lus or  minus the wag d is tance o f  0.12 angstroms i s  l i k e l y  t o  be carbon. 
A l t e r n a t e l y  measurements o f  3.35 mu l t i p les  p lus o r  minus 0.75 and 1.5 are 
observed. these appear t o  be oxygen complexes. These values appear over and 
over again. The l a r g e  p i t s  have near l y  v e r t i c a l  wa l l s  (slope > 75') these 
wa l l s  are over 500 laye rs  deep. Cross sect ional  analys is  o f  smaller p i t s  
vary i n  angle depending on size. Some are steep l i k e  the l a r g e r  p i t s  but  
some have gen t le  slopes which seem t o  i nd i ca te  t h a t  oxygen forms adsorbed 
species between layers.  A s i m i l a r  e f f e c t  was observed on edge c i t e  
studies(20,). 

CONCLUSIONS 

STM has been shown t o  be a powerful t o o l  f o r  explor ing atomic s t ruc tu res  o f  
coal and graphi te .  Addi t ional  work i s  requi red t o  assign s t ructures,  bu t  
the techniques developed i n  t h i s  study demonstrate t h a t  i t  i s  poss ib le  t o  
image coal and coal der ived mater ia l .  

a t tack  on 
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